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3.3.2: ECM 20
(a) (b)
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3.3.3
ECM
3.3.3
l
ECM
ρ(l) =
a(l) · b(l)
2
√‖a(l)‖ 2√‖b(l)‖ (3.3.2)
ECM ECM ρ(l)
ECM ECM
a(l) b(l) 3.3.3 ECM ECM l
‖a(l)‖ ‖b(l)‖
2
3.3.4
(3.3.2) a(l) b(l)
aˆT (l) = (aT (1) aT (2) · · · aT (l))
bˆ
T
(l) = (bT (1) bT (2) · · · bT (l))
aˆT (l) bˆ
T
(l)
ρˆ(l) =
aˆ(l) · bˆ(l)
2
√‖aˆ(l)‖ 2√‖bˆ(l)‖ (3.3.3)
6 8
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3.3.4: 3.3.3 ECM (3.3.2) (3.3.3)
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3.4 ECM
ECM
50
3.4.1
25 25
2 10 3
48kHz 16bitA/D
72dB 3.4.1
3.4.2
Hayakawa [24]
3
ECM ECM 1
ECM
3.4.2 Cohort normalization
(a) (0.125 11.313kHz) (b)
(0.125 2kHz) (c) (2 11.313kHz) 3
50 10
1 3.4.3
100% (a)(c)
3 47
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-60 
 
 
 
-80 
0.01                                           24 
                Frequency (kHz) 
Po
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(dB
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3.4.1:
50 3.4.4
( ) (
) 97%
( ) 70%
Hayakawa
[24]
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3.4.2:
3 49
2 
 
1 
 
0 
(a)              (b) 
(c)           
sc
o
re
 
correct answer 
men     women 
3.4.3: 1 Text-dependent
(a) (b) (c)
3 50
Ref.   studio       corridor       studio 
Test   studio       corridor       coridor 
100 
 
 
80 
 
 
60 
 
 
40 
 
 
20 
 
 
  0 
Full-band (Fc: 0.125-11.313 kHz) 
Low-band (Fc: 0.125-2 kHz) 
High-band (Fc: 2-11.313 kHz) 
Id
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at
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n
 
ra
te
 
(%
) 
3.4.4: 50
(10 )
3 51
mel-frequency cepstrum coefficients (MFCCs)
Gaussian mixture model (GMM) (Dempster et al. [12]
[11]) GMM ECM GMM
3.4.5 ECM 3.4.3 GMM
3.4.6 100%
2 GMM
3 52
Speech signal 
Hamming window 
Magnitude spectrum 
Mel filtering 
Log-scale processing 
DCT 
length: 20 ms 
GMM modeling with EM training 
Speaker matching by GMM 
Cohort normalization
 
Generate MFCC and    MFCC 
3.4.5: GMM
3 53
0.6 
 
 
0 
 
0.4 
(a) (b) 
 
(c)              
men     women 
sc
o
re
 
correct answer 
misidentification 
3.4.6: GMM Text-dependent
(a) (b) (c)
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3.4.3
Bimbot [6]
4kHz
ECM
Bimbot (2 5 )
10
Bimbot [6] 3.1
0.125 4kHz 2 kHz
0.125 4kHz 11.313kHz
2kHz 8kHz
3.1: 50
 
                                         Rate 
Frequency        Reference sentences: 5      Reference sentences: 2  
  band (Hz)          Test sentences: 1            Test sentences: 1  
 
   125–11,313            98.0%                       89.2% 
  
125–4,000            87.2%                       63.8% 
 
4,000–8,000           77.6%                       59.6% 
 
2,000–8,000           93.4%                       84.2% 
 
2,000–11,313          96.6%                       88.8% 
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3.5
1
2 (’to’,’wa’,’no’)
(’ku’,’to’,’ji’,’ko’) 1 10ms
3.5.1
4kHz ( ) ( )
4kHz
(Trend)
1.5kHz
( )
3.5.2(a) 3.5.1 1 ECM
j 4.362kHz ( ( )
3.5.2(a) 5.656kHz
’ ’ 3.5.2(b) 3.3.3
(a) (b) (a) 5.656kHz
’ ’
8 (l = 8)
’ ’
3 56
Vowel 
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m
 
(dB
) 
2              6             10 
           Frequency (kHz) 
 


3.5.1: 1
’to’,’wa’,’no’ (47cycles)
’ku’,’to’,’ji’,’ko’ 10ms (25
frames)
3.5.3 20 6 8 6 8
3.3.4
8 8 ECM
’ ’ 4.756 6.727kHz 3.3.2
Dang piriform fossa
[10]
[32] 10
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1.0 
 
 
 
 
 
 
 
 
 
0 
1.0 
 
 
 
 
 
 
 
 
 
0 
2        4        8    
(a)  
(b)  
2        4   5.656   8    
i : 1/8-octave-band center frequency (kHz)  
 





2        4        8    
),( jiECM
≥j 4.362 kHz 
<j 4.362 kHz 
i : 1/8-octave-band center frequency (kHz)  
),( jiECM
 
3.5.2: 1 ECM(a) 3.3.3
(b)
3.5.4 20ms
3.2.5(b) ECM
3.5.3 ECM
3 58
 

2      11,313 
i :1/8-octave-band center frequency (kHz) 
M1         M2         M3         M4         M5 
    
 	
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5.656         4.756          4.756           5.187         4.362 
5.187           5.187          5.187        4.000         4.756 
6.727        3.668           5.656          6.727         6.187 
5.187           6.727         5.656       3.668            6.727   
),( jiECM
3.5.3: ECM M1-M10: F1-F10:
10 7 4kHz
5kHz 1kHz ECM
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(a)                   (b) 
20
 
dB
 
M
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n
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(dB
) 
2     6   10             2     6     10 
       Frequency (kHz) 
M1 
 
M2 
 
M3 
M4 
 
M5 
M6 
M7 
M8 
 
M9 
 
M10 
F1 
F2 
 
F3 
F4 
 
F5 
F6 
F7 
F8 
F9 
 
F10 
3.5.4: 10 20ms
3.2.5(b)
3.5.3 ECM
(a) (b)
3 60
3.6
ECM
2kHz 1/8
ECM 20 ECM
4kHz
5kHz 4.756 6.727kHz
ECM
ECM
50
100% 95%
61
4
4.1
Schroeder Oppenheim
4 62
4.2
4.2.1
x y (STFT)
x(n) =
N−1∑
k=0
Ak exp(j(2pifkt− αk)) (4.2.1)
y(n) =
N−1∑
k=0
Bk exp(j(2pifkt− βk)) (4.2.2)
αk βk Ak Bk N
hˆ =
N−1∑
k=0
Ak exp(j(2pifkt− βk)) (4.2.3)
hˆ =
N−1∑
k=0
Bkexp(j(2pifkt− αk)) (4.2.4)
16kHz 3
9
4.2.1 Primary signal 1 Primary signal 2
STFT
(I-STFT)
4 63
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4.2.1:
9 8 16 32 64 128 256 512
1024 2048ms
6
2
2 9 18 1
3
4 64
Drullman
[14] 1/4
250 4000Hz 17 2.2 2.2.4
17
2.2 2.2.5
4.2.2
4.2.2(a) STFT
Type A STFT
128ms 256ms
Type B 128ms 256ms
4.2.2(b)(c) 1/4
(a) Type A B
A B
256ms
256ms 256ms STFT
128ms
4.2.3
4 65
4 66
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4.2.3: Type A
(a) (b) 8ms (c) 256ms
(d) 2048ms (e)
4 68
4.3
4.2
4.3.1
4.2.1 Primary signal 1, 2
4.2 16kHz
1.5 54
1 4
10
27
4.3.2
4.3.1(a)
Type A 8 64ms 90%
256ms 10% 4.3.1(b)
0.7 0.5
256ms
4 69
4(a)Type
B 10% 100%
0.4 40%
256ms 4.2
4.3.2(a)
8ms
0.4 STFT
4.3.2(b) Type A B
4.3.3
4 70
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4.3.2:
(a)1/4 250
4000Hz (b)Type A type B
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8 256 2048 
Frame length (ms) 
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4000 
2000 
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4.3.3:
(a) (b)
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4.4
4.4.1
1/4
r(n)
R(k) =
N−1∑
n=0
r(n) exp(−j 2pik
N
) (4.4.1)
Rˆ(k) =

2R(k) 0 < k < N/2
0 N/2 < k < N − 1
R(k) k = 0, N/2
(4.4.2)
rˆ(n) =
1
N
N−1∑
k=0
ˆR(k) exp(j
2pik
N
n) (4.4.3)
rˆ(n) rˆ(n) Θ(n) cos
N
f M(n)
M(n) = cos∠rˆ(n)× sin(2pifn) (4.4.4)
f 1.25 2.5 5Hz
4.2
4.4.2
4.4.1
4 74
A B
1.25Hz 128 256ms 2.5Hz 64 128ms 5Hz
32 64ms 1.25Hz
4.2.2 4.3.1
1 1/4
1/2
4.2.2 4.3.1
STFT 2
2
4.4.1(c) 5Hz 100ms
Type B 100ms
Type B Type A
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4.4.1:
(a) 1.25Hz (b) 2.5Hz (c) 5.0Hz
4 76
4.5
STFT
1 STFT
4.5.1 1/16000
2.048ms
Type A
(a) 0.4
Type B 0.1 0.8
2.2
2.2.6(b)(c)
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4.5.1: 1/16000
2.048ms
(a)1/4 250
4000Hz (b)
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4.6
8 128ms STFT
256 2048ms
1.25Hz
2.5Hz
2.5Hz Drullman[14] Houtgast [26]
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5
Spectral-Peak-picking
5.1
Quatieri [41]
Peak-picking [30][31]
(STFT) 5 Peak-
picking
Peak-picking
Peak-picking
Peak-picking
5 Spectral-Peak-picking 80
5.2
STFT
Peak-
picking
5.2.1
N
xa(n)
xa(n) ≡ A expj 2piN (k0+α)n (5.2.1)
k0 α = a/p a p N
M − N M DFT
X(k) =
1
N
N−1∑
n=0
xa(n) exp
−j 2pik
M
n (5.2.2)
M = Np
5 Spectral-Peak-picking 81
STFT
5.2.2 Peak-picking
xa(n) ≡
K∑
k=1
A(k) expj2pifkn+²K(n) (5.2.3)
A(k) fk k
K ²K(n)
5.2.1(a) 5 (K = 5) S/N 10dB
N (b) (a) M − N (M = 8 × N)
Peak-picking
xa(n) M −N M STFT
X(k) =
1
N
N−1∑
n=0
xa(n) exp
−j 2pik
M
n (5.2.4)
M = Np
N
Peak-
picking
Peak-picking X(kp) exp
j
2pikpn
M
xa(n)
²a(n) ≡ xa(n)−X(kp) expj
2pikpn
M (5.2.5)
n = 0, 1, · · ·, N − 1
xa(n)← ²a(n) (5.2.6)
n = 0, 1, · · ·, N − 1
5 Spectral-Peak-picking 82
N−1∑
n=0
|ea(n)|2 < E (5.2.7)
E [35][36]
5.2.1(c) (a) 5
ea(n) ≡ xa(n)−X(kp) expj 2pikpn
M
(5.2.8)
N−1∑
n=0
|ea(n)|2 < E (5.2.9)
x(n) ≡ <(xa(n)) (5.2.10)
e(n) ≡ <(ea(n)) (5.2.11)
5 Spectral-Peak-picking 83
(a) 
 
(b)  
(c)  
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5.2.1: 5
(a) (N=512, S/N=10dB) (b) (M=4096) (c)
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5.3
Peak-picking
Peak-picking
(CLSM: Clustered
Line-Spectrum Modeling)
5.3.1
xa(n) = A exp
j 2pi
N
(k0+α)n+B expj
2pi
N
(k0+β)n = x1a(n) + x1b(n) (5.3.1)
k0 α = a/p β = b/p p a b
X(kα) = X1(kα) +W (kα − kβ)X2(kβ) (5.3.2)
X(kβ) = W (kβ − kα)X1(kα) +X2(kβ) (5.3.3)
5 Spectral-Peak-picking 85
X(kα) =
1
N
N−1∑
n=0
xa(n) exp
−j 2pik
M
n
∣∣∣∣∣
k=kα
(5.3.4)
X(kβ) =
1
N
N−1∑
n=0
xa(n) exp
−j 2pik
M
n
∣∣∣∣∣
k=kβ
(5.3.5)
W (kβ − kα) = 1
N
N−1∑
n=0
w(n) exp−j
2pik
M
n
∣∣∣∣∣
k=kβ−kα
(5.3.6)
M = Np, (5.3.7)
w(n) (CLSM)
2
5.3.2
xa(n) =
K∑
k=1
A(k) expj2pif(k)n+²K(n) (5.3.8)
A(k) k
f(k) K ²K(n)
K k = kx
k = kx−m k = kx−m+P−1 P (≤ K)
P
P L
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Xo = WXs (5.3.9)
2
Xˆs = (W
TW )−1WTXo (5.3.10)
Xo L
Xo =
 X(kp−l)...
X(kp−l+L−1)
 (5.3.11)
XS P
XS =
 XS(kp−m)...
XS(kp−m+P−1)
 (5.3.12)
W N
W =
 WNM(kp−l − kp−m) · · · WNM(kp−l − kp−m+P−1)... . . . ...
WNM(kp−l+L−1 − kp−m) · · · WNM(kp−l+L−1 − kp−m+P−1)

(5.3.13)
WT W WNM(q)
WNM(q) =
1
N
N−1∑
n=0
w(n) exp−j
2pikn
M
∣∣∣∣∣
k=q
(5.3.14)
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L > P l > m
m =
{
P−1
2
P : odd l = L−1
2
L : odd
P
2
P : even l = L
2
L : even
(5.3.15)
5.3.1 5.3.8 (K = 5) CLSM
(a) N = 512 (S/N : 20
(dB)) (b) M = 4096
L = 5 k = kP −2 = 65 k = kP +2 = 69
k = kP − 1 = 66
k = kP + 1 = 68 3 P = 3
2 (c)
(d)
CLSM
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5.4
S/N
Peak-picking
ACF [1]
Peak-piking
5.4.1 ACF
16kHz 16bit
5.4.1 32ms 512
STFT
5 Peak-picking
Peak-picking 3 1000Hz
I-STFT ACF
20 I-STFT 5.4.2
ACF
STFT
257 512 STFT
Peak-picking
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5.4.1: ACF
5
Peak-picking 2
1000Hz 5
5.4.3 Peak-picking
150 350Hz
5.4.4 a 5
(b)
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5.2
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(c) ACF
STFT
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Peak-picking
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5.4.5:
(a) (b)Peak-picking 5
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5.4.2 Peak-picking ACF
Spectral-Peak-picking
5.4.6 Peak-picking ACF
5.4.1
Peak-picking
0.3 Peak-picking
10
5.4.7 SDR
SDR = 10× log(
∑
k S(k)
2∑
k(R(k)− S(k))2
) (5.4.1)
S(k) R(k)
S/N S/N SDR−S/N S/N
S/N S/N
Peak-
picking
5.4.1
-6dB/oct
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5.4.8(a) (b)
(a) (b)
5.4.8(c)
(d) 5
(c) (d)
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5.4.9:
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top traces: noisy speech 
middle traces: reconstructed speech 
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5.4.10:
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5.5
STFT
Peak-pcking
Peak-picking
Peak-picking
Peak-picking
Peak-
picking
10dB
102
6
1/4
ECM
6 103
ECM
8 128ms STFT
256 2048ms
Quatieri (1986) Peak-picking
STFT
Peak-picking
Peak-picking
Peak-picking
Peak-picking
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STFT Peak-picking
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